The contactless removal of small particles from surfaces by irradiation with intense laser pulses -dubbed laser cleaning -has been used and studied for nearly two decades. Nevertheless, its applicability and the mechanisms involved are still under debate. Here we give first a brief overview on relevant processes, and then present measurements of the velocities of colloidal model particles after detachment under vacuum conditions. We also demonstrate a new Laser Cleaning approach, by which submicrometer particles are removed by laser irradiation of the rear side of the wafers. The particles are detached by an acoustic shock wave traveling to the wafer front side after laser ablation of the rear side. Not only is this promising approach capable of defect free surface cleaning, detailed studies of particle velocities versus laser fluence also allow insight into the different cleaning mechanisms involved. Furthermore, this technique could be applied to determine adhesion energies of particles in the future.
INTRODUCTION
Adhesion of nanoparticles to surfaces is a phenomenon of fundamental interest in nanoscience, but also bears wide importance for applications in micro-and nanotechnology. In microelectronics, e.g., unwanted nanoparticles with a size comparable to the IC structures may lead to malfunction of the electronic device. An important aspect is here that conventional cleaning methods, e.g. ultrasonic cleaning, become less and less efficient the smaller the particles are, because the relative contribution of adhesion forces -compared to inertial forces -increases. A concept to solve this problem is the so-called laser cleaning process, where already different variants have been developed [1, 2] : The basic idea of (dry) laser cleaning (DLC) is simple: due to the thermal expansion of the substrate (e.g. a silicon wafer) upon irradiation with a short laser pulse the particles at the substrate surface will be accelerated, and then because of their inertia detach from the surface when the expansion of the substrate slows down. The adhesion forces to be overcome are mainly caused by van der Waals interaction, and the required acceleration (or rather deceleration when the thermal expansion stops) can be estimated to be in the range of 10 7 m/s 2 for particle sizes in the range of several hundred nanometers. More detailed considerations indicate, however, that in addition to the homogeneous expansion of the heated surface further effects have to be taken into account. One is based on the optical field enhancement under a particle leading to local ablation of the substrate. Thereupon, the ablated material can expel the particle from the surface. Furthermore, adsorbed water -especially close to the region where the particle is in contact with the substrate -may be evaporated by the laser pulse and thus give rise to particle detachment. The latter effect can be enhanced in the process of "steam laser cleaning" (SLC), where deliberately a thin layer of liquid is condensed on the substrate, which is explosively evaporated by the laser pulse and thus carries the particles away.
In the first part of this article we give a short overview in which relevant contributions to the laser cleaning process are briefly illustrated. For more detailed information and related literature we refer to Ref. [2] . In an attempt to distinguish between the different mechanisms of particle detachment, we present in the second part first results of time of flight measurements of the detached particles, and in particular describe experiments in which the substrate is irradiated by the laser pulse from the back side, giving rise to an acoustic shock wave which can lead to particle removal without the influence of optical near-field effects or water evaporation.
SHORT OVERVIEW OVER LASER CLEANING RESULTS
The experiments to be described here were mostly carried out with silicon wavers as substrates and a frequency-doubled Nd:YAG laser (λ = 532nm, FWHM ~8ns) as a light source. The particles were well-defined colloidal spheres with a narrow size distribution, consisting of various materials like polystyrene (PS) or SiO 2 , and with diameters ranging from 60 to 1000 nm. They were deposited by means of spin coating the colloidal suspension onto the substrate, which under proper preparation conditions leads to a fraction of isolated particles > 95%. A dark field photograph of a Si wafer surface with 580nm PS particles is shown in Fig.1 (the white spots represent the scattered light, not the actual particle size). In the center, where apparently particles are missing, the wafer has been irradiated by a laser pulse with a fluence of 100mJ/cm 2 in the DLC process. Independent measurements of the surface expansion of laser-exposed Si surfaces by Dobler et al. [3] indicate that the forces due to inertia should in this case be sufficient to overcome adhesion, hence the simple concept of DLC, based on thermal expansion, at first sight appears to work. The laser fluence threshold above which particles are removed is plotted for different particle sizes in Fig. 2 . Note that the fact that small particles are apparently more difficult to remove than large ones is also in line with this idea. A closer inspection of cleaning spots such as the one in Fig.1 shows, however, that the Si surface in this area is not completely flat, but that scattering centers for light are still present (barely visible in the reproduction). More detailed investigations with a scanning electron microscope have revealed ablation holes in the substrate at the original particle positions, caused by the aforementioned local field enhancement underneath the particles. In the case of nanosecond laser pulses this hole structure is rather washed out, and for shorter pulses, where thermal conduction plays a negligible role, it becomes sharper (see Fig.3 ) [5] . Although these data clearly demonstrate that under certain conditions local ablation in the enhanced near-field of a particle plays a prominent role, there is experimental evidence for other contributions as well. One is the influence of adsorbed water, illustrated by comparing data taken at ambient conditions and in vacuum. Such a comparison is given in Fig.2 shown already before. Obviously in vacuum the threshold is increased, an effect which is most pronounced for the smaller particles <400nm. This demonstrates that under ambient conditions "dry laser cleaning" can considerably be affected by adsorbed water.
In the case of "steam laser cleaning" this effect is enhanced by condensing a thin layer of liquid onto the substrate to be cleaned, as already mentioned in the introduction. The liquid to be chosen should wet the substrate (as does a waterisopropanol mixture on silicon) in order to avoid the formation of droplets, which again could give rise to optical near field damages. Typical film thicknesses are in the range of some hundred nanometers. Under these conditions, universal cleaning thresholds are found, irrespective of the size and the material of the particles to be removed. An example is given in Fig. 4 . 
BALLISTIC MEASUREMENTS OF PARTICLE DETACHMENT IN LASER CLEANING
As shown in the last chapter, there are at least 3 mechanisms which may contribute to the particle detachment in laser cleaning: the thermal expansion of the substrate, local ablation of the substrate, and explosive evaporation of water residues under the particle. Separating the roles of thermal expansion and local ablation is a complex task when the sample is irradiated from the particle-coated (front) side because the particles are always exposed to the incident light field. We have therefore set up an experiment where a rapid elongation of the substrate surface can be achieved without parasitic optical near-field effects: The idea is to use a laser pulse incident on the sample from the opposite (rear) side of the sample to generate an acoustic pulse which propagates through the wafer and -provided the intensity is high enough -will give rise to sufficiently high accelerations and inertial forces that the particles are detached. In order to keep the effect of adsorbed water to a minimum the experiments have been carried out in vacuum.
A sketch of the set-up is shown in Fig. 5 . For the sake of comparison with DLC the samples could be irradiated either from the rear or from the front side. As in the previous experiments, the light source was a pulsed frequency-doubled Nd:YAG laser (532nm, FWHM=8ns). In order to characterize not only cleaning thresholds, but also the surplus (kinetic) energy of the particles leaving the surface, we determined the particle velocities as a function of the incident laser fluence, using a time of flight method, where the time delay between the laser pulse and the arrival of ejected particles at a certain distance from the surface is measured [7] . For this purpose, a thin "sheet of light" (SoL) is generated in front of and parallel to the sample surface. When particles are passing through this sheet, light is scattered by them and detected by a photomultiplier. The SoL and photomultiplier detection volume are carefully aligned with respect to the cleaning area and their optics are mounted on translation stages, so that the distance δ from the sample surface to the SoL can be varied. The sample chamber as a whole, containing the sample, can be moved independently in two axes parallel to the sample surface, so that different spots on the sample can be irradiated and probed. The sample is placed inside a vacuum chamber and irradiated with a frequency-doubled Nd:YAG laser pulse at the wafer front or rear side. Particles at the wafer front side are detached and leave the surface ballistically. At a certain distance from the sample surface, light from a probe diode laser (635nm, 25mW) is focussed by a cylindrical lens to form a thin "sheet of light". When a particle crosses the light sheet, light is scattered and collected by a telescope attached to a photomultiplier. Bandpass filters of the probe laser wavelength protect the photomultiplier from stray light from the Nd:YAG laser. A translation stage is used to vary the position of the light sheet, while the position of the detection telescope is changed in the same way by another translation stage (not shown). The vacuum chamber is also mounted onto a two-axis stage to change the irradiated sample area.
The scattered light intensity data I(t) versus time t delivered by the photomultiplier is recorded with a digital storage oscilloscope, averaged over 3 to 7 pulses, each irradiating a fresh spot on the sample, and stored for further data treatment.
The I(t) data is converted into velocity profiles according to the equation where n(v) is the relative frequency or number of particles exhibiting velocity v. The relation reflects that the intensity of scattered light is proportional to the number of particles crossing the SoL and that the velocity of the particle corresponds to a time of the occurrence of scattered light t=δ/v. The prefactor 1/t accounts for the fact that slower particles have longer dwell times in the scattering volume. Before each set of experiments, the distance δ between the sample surface and the light sheet is calibrated by recording I(t) traces as described above while moving the SoL-translation stage by defined distances. The linear relation between δ and the time t m of the maximum intensity shows that the particles indeed move ballistically and their path is not disturbed by collisions and interaction.
Figs. 6 and 7 give examples of the velocity profiles obtained by back and front side irradiation, respectively. Even a superficial comparison of the two figures shows already that there are pronounced differences between the two data sets, indicating that also the details of the detachment mechanisms are different. Fig. 6 .: Velocity profiles of polystyrene colloids with 840nm diameter (PS840) ejected from a silicon wafer at the front side upon back side pulse laser irradiation with various intensities. The frequency axis corresponds to relative particle numbers. For higher pulse intensities the maximum velocity increases as well as the number of particles ejected from the surface (corresponding to the area below the curves). Fig. 7 . Velocity profiles for dry laser cleaning (front side irradiation). For low pulse intensities a peak velocity between 5 and 7 m/s is reached. For higher intensities a side shoulder develops and grows into a second highvelocity peak, while the first (main) peak essentially remains at a velocity around 7 m/s.
We first discuss the data for the back side illumination in Fig. 6 . The characteristic shape and its evolution with different laser intensities is caused by the Gaussian beam profile of the pulsed laser, resulting in a similar excitation profile on the front side surface. Particles are observed, once the laser intensity exceeds a specific threshold fluence. The maximum velocity of ejected particles is strongly dependent on the pulse energy. For further evaluation, the velocity of the 50%-value of the high-velocity edge of the velocity profile is extracted.
In Fig.8 these data are plotted against the laser fluence. The lines are square root fits to the data, suggesting a behavior
where F is the incident laser fluence and F th the threshold at which particle ablation sets in. Hence the kinetic energy of the particles is
Presently experiments are underway which relate the laser fluence to the surface elongation and acceleration using an interferometric technique similar to the one described by Dobler et al. [3] . Already the first experiments indicate, that the surface velocities measured are distinctly smaller than the particle ejection velocities [8] .
It should be pointed out that these data suggest a particle detachment process with a threshold energy that corresponds to the adhesion energy of the particle. It should therefore be possible to use the method to precisely determine adhesion energies of a variety of deposited particles and particle sizes. An example thereof is displayed in Fig. 8 : the cleaning threshold of samples with different storage times before the experiment varies significantly. This effect, which has been studied for the DLC threshold previously [9] , is clearly demonstrated with the back side shock laser cleaning technique. In our lab we were able to successfully remove particles with diameters down to 170nm with this method, although this seems not to be the limit. In general, the cleaning limits of this approach are defined by the laser energy thresholds for damage to the front surface. For particularly high fluence, the intensities of the generated shock wave could even damage the wafer interior. As a first evaluation of hypothetical surface damages, samples with particles 580nm in diameter have been investigated by AFM after particle detachment. No damage could be found as opposed to DLC , where small holes remain after the cleaning process due to local ablation and optical near field enhancement.
We now turn to a discussion of Fig. 7 , where particle velocities are displayed for front side laser irradiation, the usual DLC. Interestingly, the data for higher fluence exhibit two peaks in the particle frequency versus velocity. When increasing the laser fluence, the position of the first peak remains roughly unaltered, but a second shoulder at higher velocities develops and grows into a second peak. These data indicate already that two different mechanism of detachment are involved, in which the fluence dependent peak shows similarities to the shock wave cleaning behaviour, while the origin of the fluence-indepent part still has to be clarified. This once again shows the complexity of the DLCprocess. We want to point out, however, that also in this case of DLC the detachment velocity is distinctly larger than the expansion velocity of the surface (without particles) as determined by Dobler et al. [3] .
SUMMARY
An experimental setup has been introduced for the measurement of the velocities of particles ejected from a substrate after irradiation of the front or back side with a laser pulse. The measured particle velocities range between 5 and 100 m/s. It has been shown that the measured data and the comparison between front and back side irradiation allows new insight into the mechanisms involved and raises interesting new questions. A new Laser cleaning approach has been introduced: back side shock laser cleaning. The successful cleaning of particles down to 170nm in diameter could be demonstrated. This approach allows the separation of the laser energy input from the particle detachment process and thus reduces the complexity of the cleaning process. In this way, the combination of new techniques offers an experimental approach to determine adhesion energies of particles on surfaces and a chance to compare these non-
